Abstract. Soil quality and the ability of soil to sustain nutrient cycling in reclaimed soils will influence the subsequent establishment and maintenance of a permanent and stable plant community. We undertook an experiment using a recently developed "three-day CO 2 flush method" to compare a range of soil biological indicators across a series of reclaimed, surface coal-mined sites in the Powder River Basin of northeastern Wyoming. In addition, we were interested in estimating the amount of soil organic carbon (SOC) required to sustain nutrient cycling. Soils were sampled from each of two different reclaimed sites on four different mines in 2000. In 2001 we sampled soils from three sites on three mines -two reclaimed and a native, undisturbed prairie control site. For both years, soils were dried, rewetted, and microbial respiration measured at three and 21 days, using base trap methods. In addition, microbial biomass, nitrogen (N)-mineralization, organic carbon (C) and total N were measured. Regression analyses were accomplished by regressing three-day microbial respiration against the other soil parameters measured. Correlations between three-day microbial respiration and all of the measured soil parameters were generally strong (r 2 ≥ 0.55) and highly significant (P < 0.0001). There were differences between the reclaimed and native sites; the native sites exhibited more variability (although still significantly correlated), probably due to either differences in the relative lability of the substrates present or differences in the structure of the microbial communities present in the native versus reclaimed soils. We believe this method is of use as a relatively fast, accurate, and economical means by which soil quality can be ascertained. Estimates of SOC required to sustain nutrient cycling appears to be in the upper range of 0.1-0.7% C.
Introduction
Reclamation, while an extremely complex and involved process, has historically been more of an art than a science. There have, however, been considerable improvements in applying a more rigorous scientific methodology to this process in the recent past, and great strides have been achieved in maximising reclamation success. Many of these advances have been covered in a recent review article by Schuman (2002) . However, the bulk of research undertaken has been concerned with maximising vegetation establishment, production, and to a lesser extent, biodiversity. While the interaction between the plant and soil communities is obviously complex, the ecological direction in which the soil ecosystem is moving will have strong implications for the development of the plant community and succession. Furthermore, the microbial communities present in soil play an extremely important role in ensuring, via the decomposition of soil organic matter (SOM) , that nutrient cycling will provide sufficient nutrients to maintain a productive and stable plant community. As a result, indices of soil quality or health, and thus tools to measure these indices, need to be developed and incorporated into the reclamation process.
Measuring "soil health or quality" remains an extremely difficult and inexact process. This stems from the fact that, while theoretical definitions of soil health exist (Doran and Parkin, 1994) , there is often little connection with measurable soil parameters. Soil quality indices are further complicated due to spatial and temporal variability as well as methodology concerns. In spite of these problems, it is critical that we obtain a better understanding of these soil indices due to their critical importance in maintaining a stable and permanent plant community. Criteria put forward by Doran and Parkin (1994) suggested that soil quality indicators should meet the following criteria:
1. Encompass ecosystem processes and be related to process orientated modelling, 2. Integrate soil physical, chemical and biological properties and processes, 3. Be accessible to many users and applicable to field conditions, 4. Be sensitive to variations in management and climate, and 5. Where possible, be components of existing soil data bases.
A paper published by Franzluebbers et al. (2000) put forward a method that seemed to encompass many of the criteria listed above. In that study, generally strong correlations were found between the flush of microbial respiration measured three days after rewetting a soil ('three-day CO 2 flush method'), and various other parameters that are commonly considered to be indicators of soil health and are also intimately linked to many of the previously listed criteria.
These parameters included longer-term microbial respiration (24 days), microbial biomass, Nmineralization, organic C, and particulate organic matter. Franzluebbers et al. (2000) also observed regional and management differences in the correlations between three day microbial respiration and 24-day microbial respiration, microbial biomass, nitrogen N-mineralization and SOC. The three-day CO 2 flush method also has the advantages of being relatively fast, economical, and provides an apparently reliable way to estimate soil quality.
However, the research undertaken by Franzluebbers and colleagues (2000) utilised cropland soils from climatic areas that are often very different from the climate and soils found in the Powder River Basin of Wyoming. We wished to examine whether the 'three-day CO 2 flush method' could be used to aid in defining soil quality in semi-arid, drastically disturbed soils found in the reclaimed open-cut coal mine soils. We were also interested as to what level of SOC was necessary to ensure that adequate nutrient cycling occurred to support a sustainable and desirable plant community. We hoped to be able to estimate ('back of the envelope') the amount of SOC required to provide sufficient inorganic N to maintain the reclaimed plant community.
Throughout this paper we will use soil SOC as a proxy for SOM as; we are able to much more accurately measure SOC; it does not require a correction factor (which is known to vary both betweens soil types as well as depth; Nelson and Sommers, 1996) ; and SOC is a more direct measure of SOM; and the data can be compared across climatic regions and soils at national and international scales.
Materials and Methods
The open-cut coal mines we sampled are located in the Powder River Basin of northeastern Wyoming, USA. This area typically has an annual mean precipitation of 392 mm, of which about 30% comes from snowmelt. July, the hottest month, has a mean maximum summer time temperature of 30.4 o C, and the mean minimum in January, the coldest month, is -11. In the summer of 2000, a preliminary experiment was undertaken to examine whether the correlations that Franzluebbers et al. (2000) had observed between three-day microbial respiration measurements and other indicators of soil health and nutrient cycling in cropland soils would also hold true in disturbed reclaimed mine soils in a semi-arid environment.
Permanent sampling sites were established at two different locations on each of four mines.
These sites varied in topsoil handling treatments (direct-hauled or stockpiled), reclamation age and SOC concentrations (Table 1) . Along a 40 m transect, soils were sampled at 10 m intervals in depth increments of 0-2.5, 2.5-15, and 15-30 cm. Soils were then taken to the laboratory, airdried, and sieved (<2mm) before analysis. Total C was determined using dry combustion methods (Nelson and Sommers, 1996) on a Carlo-Erba C and N analyser, after roller-grinding the soils overnight. On the same roller-ground samples, inorganic C was measured using a modified pressure-calcimeter method (Sherrod et al., 2002) , and organic C was calculated by subtracting inorganic C from total C. Total N was also determined by dry combustion. Soils were first dried for 48 hours at 55 o C and then rewetted to a soil water content of -0.05 MPa.
Using approximately 50-60 g of soil, microbial respiration was measured using standard base trap methods (Zibilske, 1994) at 3 and 21 days. On a similar amount of soil, microbial biomass was calculated using the chloroform incubation method (Horwath and Paul, 1994 ) and a Kc of 0.41 (Kc is the fraction of microbial biomass C decomposed and released as CO 2 -C in 10 days; Anderson and Domsch, 1978) . Potential N-mineralization was determined on the same soil on which 21 day microbial respiration was measured by calculating the difference in inorganic N As a result of the promising correlations that we observed from the results obtained from the 2000 samples, in the summer of 2001 we returned to three of the original mines and established three, 40 m transects at the original samples sites. We also sampled a control site; an undisturbed, native prairie site that was situated within a few kilometres of the reclaimed sites and were representative of the reclaimed soils. Control site sampling was undertaken in exactly the same manner as the reclaimed sites by laying out three, 40 m transects, that were sampled at 10 m intervals using depth increments of 0-2.5 and 2.5-15 cm. The 15-30 cm depth wasn't sampled because our previous results indicated that the biological activity was concentrated in the surface 15 cm of the soil. Soils were air-dried and sieved (<2mm) and the same analyses as noted above were repeated. Regression analysis was undertaken using the samples from both years (n = 366).
On the same transects on which the soils where sampled, at the 0 and 40 m interval we sampled the vegetation, and dried (55 o C) it to obtain an estimate of biomass. A sub-sample was taken and roller-ground overnight and analysed for C and N and allowed us to obtain an estimate of the plant communities annual N uptake.
Results and Discussion
The three-day microbial respiration data were significantly correlated with all of the parameters measured (Fig. 1 ). There were apparent differences in the correlation coefficients between the three-day microbial respiration and other indicators of soil quality (i.e. 21-day microbial respiration, microbial biomass, N-mineralization, organic C and N) between reclaimed and native soils (Table 2) , although both were highly significant. In reclaimed soils, correlations were generally much less variable than in native soils (Table 2) suggesting that in these disturbed ecosystems the microbial populations were much more responsive to changes in specific soil environmental characteristics (e.g., organic C and N). Moreover, as litter (both above-, and below-ground) present on the reclaimed mine sites is relatively new (<16 years), the vast majority of this material (either as soluble organic C or particulate organic matter) is likely to be readily available for decomposition and mineralization. On the other hand, it is likely that a large proportion of the C present in SOM will be of a recalcitrant form and thus less available for microbial activity. In addition, soils used in the reclamation process are much more homogeneous (due to the topsoil salvage, mixing, replacing, and seedbed preparation processes) compared to the spatially more heterogeneous native, undisturbed prairie ecosystem. This also will have a considerable bearing on the variability observed in the regression analysis between the reclaimed and native, prairie sites. This disparity between the responses of the reclaimed and native microbial populations may be the result of differences either in the relative availability of C and N in the two soil types (with potentially a large labile pool of C and N occurring in the reclaimed soils) or differences in the structure and makeup of the microbial communities present in the reclaimed soils verus native soils. Drying and sieving of the soil undoubtedly had an impact on measured values of microbial activity (i.e., microbial biomass and respiration). However, previous work has found little difference between estimates of soil microbial biomass regardless of whether biomass measurements were taken on either field moist soils, or soils that where dried and pre-incubated for ten days before biomass measurements were undertaken (Franzleubbers et al., 1996 , Franzluebbers, 1999 . The authors would like to point out that the aim of this work is not to obtain absolute values of the biological parameters of interest but rather to obtain comparative values of soil biological properties -which are indicative of the ability of any particular soil to sustain nutrient cycling and thus supply a sufficient quantity of nutrients to maintain plant growth and production. In addition, we are more interested in the biological activity of soil (rather than physical properties) because microbes are responsible for all of the important processes (i.e., decomposition, mineralization) by which nutrients are made available for plant uptake.
As mentioned previously, one objective of this research was to establish a "rule of thumb" estimate as to the amount of SOC that would be required to maintain an adequate level of nutrient cycling in these low N environments. To obtain this SOC estimate we extrapolated the N-mineralization data to a field situation (by assuming that the rate of N-mineralization was observed in the lab will be comparable to that found in the field, and, will occur over the entire course of the defined growing period) using two different scenarios: a growing period that extends from the 1 st May -31 st June, or a longer growing period, 1 st May -31 st August. The results of this exercise indicate that potentially, there is more than sufficient mineralization of organic N to satisfy the requirements of plant communities on these reclaimed mine sites (Table   3 ), regardless of which of the two growing periods we use. A study undertaken by Woods and Schuman (1986) in a nutrient and organic matter poor, reclaimed mine site, examined relationships between SOC (measured by the Walkley-Black method) and microbial biomass, Nmineralization, and plant N. They estimated that somewhere between 0.1-0.7% SOC would be required to maintain nutrient cycling in this particular ecosystem. Our results indicate that the concentration of SOC necessary to ensure adequate nutrient cycling may be nearer the upper end of the range they predicted. In our research we have measured SOC values of up to 6% (Fig. 1d) , which is clearly an unrealistic value for these semi-arid ecosystems and reflects the presence of particulate coal material. We are unable to differentiate between the mineralizable fraction of SOC (i.e. SOM) and the organic C that is essentially unmineralizable (i.e., coal). Nonetheless, although our values for SOC are clearly high, it may not be a major concern because where SOC was high, microbial activity was also elevated (Table 1) . However, this may not be true in all situations and for all reclamation sites. More importantly, we will need to ensure that, in our assessment of a minimum level of SOC, coal dust is not a major component of SOC values.
In conclusion, we would like to point out that we are not proposing that we have devised the final indicator of soil quality and reclamation success. However, from the generally strong correlations we observed between three-day microbial respiration and other commonly accepted and standardised parameters of soil health/quality, we feel that this method provides those involved with mine reclamation a tool to maximise the limited soil resource and ensure SOC quality control in topsoil salvage and replacement. At this time we are unable to predict quantitatively the other soil health/nutrient cycling indicators on the basis of three-day microbial respiration alone, but we can on a relative basis rank the "health" of soils used in the reclamation process. As such this method will give those involved with reclamation the ability to categorise the quality of soils as it relates to the cycling of nutrients and SOM, and thereby optimise the limited soil resources in order to maximise plant production and the potential for sustainable and successful reclamation.
